The CGG repeat within the premutation range in the fragile X mental retardation 1 (FMR1) gene can lead to neurodegenerative disorders and intellectual disabilities. An increase in size upon the transmission from parent to child is more likely to occur for larger alleles and without AGG interruptions. We describe the molecular structure and the transmission of an FMR1 premutation allele in a multigenerational family, identified through newborn screening for fragile X syndrome. Transmission of the premutation allele was traced through five generations in 14 of the 23 individuals who were genotyped through cascade testing. Allele size instability during transmission was observed, but no expansions to a full mutation were detected. Clinical and molecular characterizations of the participants lead to the diagnosis of fragile X-associated tremor ataxia syndrome in one subject identified as a premutation carrier. A gradual small increase in the size of the premutation allele was observed during transmission through five generations. The relative stability is likely due to the presence of two AGGs within the allele. The detection of AGG interruptions within the premutation alleles is important in genetic counseling, to better predict the risk of expansion during transmission from a premutation to a full-mutation allele.
INTRODUCTION
The fragile X mental retardation 1 (FMR1) gene is essential for normal development. 1 Mutations in the FMR1 gene are causative of a number of different genetic disorders, including fragile X syndrome (FXS), fragile X-associated tremor/ataxia syndrome (FXTAS), and fragile X-associated primary ovarian insufficiency (FXPOI). 2, 3 Besides these distinct disorders, many other clinical phenotypes have been associated with the FMR1 gene, including increased risk of autism spectrum disorders, attention deficit hyperactivity disorder, anxiety and depression. [4] [5] [6] [7] Greater than 200 CGG repeats in the FMR1 gene is defined as a full mutation and leads to FXS. The long GC-rich stretch of DNA becomes hypermethylated and silences transcription of the gene resulting in a loss of the FMR1 protein. 8, 9 FXTAS and FXPOI are known to occur in individuals who carry a premutation allele (55-200 repeats), both have a late onset, and it is currently thought that they are the result of an RNA toxicity mechanism. 10, 11 Expanded FMR1 mRNA, which are elevated in premutation carriers, [12] [13] [14] are thought to sequester proteins from their cellular function, including Pur a, hnRNP A2/B1 and Sam68. [15] [16] [17] [18] Within the CGG repeat tract of FMR1 are cytosine to adenine transversions, which interrupt stretches of CGG elements with an AGG. 19 AGG interruptions occur in normal, intermediate and premutation range alleles. Common patterns emerge when interrogating the locus for the presence and location of AGG interruptions (that is, (CGG) 9 AGG (CGG) 9 AGG (CGG) 9 ), although their frequency fluctuates, in different populations. 20, 21 AGG interruptions are thought to stabilize the CGG repeat tract during transmission, protecting against expansion 22, 23 , but do not influence either the transcription or the translation of the FMR1 gene. 12, 24, 25 A recent PCR assay has been established that allows rapid detection of premutation and full-mutation alleles. [26] [27] [28] Using this assay a multisite (at UC Davis Medical Center (Sacramento, CA, USA), Rush University Medical Center (RUMC, Chicago, IL, USA) and the University of North Carolina Hospital (UNC, Chapel Hill, NC, USA)) newborn screening study was conducted in order to accurately estimate the allele frequencies of the FMR1 expanded alleles. 29 The recruitment protocol for this study allows researchers to approach the families of individuals identified as carriers of a premutation or full-mutation allele for clinical services, follow up evaluations and perform cascade testing.
One of the newborns identified during the screening was a male carrier of a premutation allele of 68 CGG repeats (Figure 1a) (pedigree ID: V-11). The family of this individual was contacted for participation in genetic counseling services along with cascade testing to identify additional members of the family carrying an expanded allele. The CGG allele size was determined for 23 individuals within the family. The lineage of the premutation allele was traced from the proband's great grandmother to the great-great-grandfather. Here, we report on our findings of the stability of the premutation allele in 14 transmissions, and present the clinical findings of individuals who carry the inherited premutation allele.
MATERIALS AND METHODS

Genetic screening
The proband was screened as part of a pilot newborn screening study for mutations in the FMR1 CGG repeat locus. 29 The screening was performed using protocols approved by the Institutional Review Board, and consent was obtained from all individuals participating in the study. Blood was collected on FTA bloodspot collection cards, amplification of the CGG repeat region on FMR1 by c and f primers and detection of CGG repeat size by capillary electrophoresis were performed using a PCR based approach, which utilizes a chimeric primer, as previously described. [27] [28] [29] Southern blot confirmation Upon identification of a premutation allele, a peripheral blood sample was collected to confirm molecular diagnosis, from the proband and consenting extended family members. Genomic DNA was isolated and CGG repeat size and methylation status were determined using Southern blot and PCR analysis as previously described. 26 
AGG interruption assay
The position and number of AGG interruptions were determined for each allele by capillary electrophoresis as recently described. 23, 24, 27 Briefly, amplification of the CGG repeats occur by variable annealing of the chimeric primer, where five CGG repeats are consecutive in sequence and addition of nucleotides through the remaining CGG repeat element and towards the f primer. Fragments corresponding to each length between the first CGG repeat and that of the fifth to the last repeat are made. The lack of PCR fragments in five consecutive repeat sizes indicates the presence of AGG interruptions. Using this characteristic of the triple primer PCR, the total length of the CGG repeat and the position of AGG interruptions along the repeat tract can be determined for both alleles (Figure 1 ). We assayed three of the DNA samples with the complementary triple primer PCR that amplifies using the same technique but in the opposite direction, in order to visualize a CGG repeat stretch comigrating with the c and f amplicon of the normal allele and subsequently masked by the larger peak in the electropherogram (Figure 1b) .
Haplotype markers
Three microsatellite markers and two single-nucleotide polymorphisms (SNPs) were analyzed for all samples collected. Two of the microsatellite markers have complex polymorphisms. DXS548 is located approximately 157 kb upstream of the CGG repeat element, it contains a CA dinucleotide repeat and an indel. The analysis of this marker included two PCRs, the reverse primer (5 0 -AGAGCTTCACTATGCAATGGAATC) remained consistent and the forward primers annealed either upstream (DXS548-short) (5 
Reverse transcription-PCR
Blood was collected in Tempus vacutainers from 16 of the participants and total RNA was extracted. Reverse transcription of mRNA was performed and FMR1 mRNA expression levels were measured by quantitative reverse transcription-PCR. Total RNA isolation and quantification of the FMR1 transcript levels were as previously described. 12 
Clinical evaluation
Individuals with a premutation size allele were clinically evaluated at the MIND Institute. Family medical history was collected along with clinical exams. Young children were administered developmental assessments, including the Vineland II Adaptive Behavior Composite and The Mullen Early Learning Composite. Older participants were administered tests to determine their cognitive abilities, motor skills, and symptoms related to fragile X-associated disorders. Individual II-5 was also assessed using brain magnetic resonance imaging.
RESULTS
The male newborn (proband) was identified as a premutation carrier with 68 CGG repeats in FMR1 through newborn screening. A blood sample was collected from the proband during the first follow up visit and family members who consented to participate in the study. PCR and Southern blot analyses were performed to determine CGG allele size and AGG interruptions for 23 individuals (15 females and 8 males), including the proband. Additionally, genotyping information for five polymorphic sites flanking the CGG repeat element was obtained for the 23 individuals.
Ten females were identified as premutation carriers by molecular testing, and an additional female was determined to be an obligate premutation carrier (IV-11) based on her father being a premutation carrier (III-12). Four males were identified as premutation carriers by molecular testing and an additional male was determined to likely be a premutation carrier based on the presence of a premutation allele and on the haplotype results in the three daughters of the individual (I-1). Thus, a total of 16 premutation carriers were identified in this family (14 by DNA testing and 2 inferred).
Transmission of the premutation alleles
Seven transmission events where the premutation allele was inherited were maternal and four were paternal. Four additional paternal transmissions of the premutation allele likely occurred, three from the male in the first generation to all three daughters (I-1 to II-1, II-2 and II-5) and one occurred from III-12 to IV-11 (the latter was not tested, but IV-11 is an obligated carrier). Instability between individual I-1 and at least one daughter during paternal transmission of the premutation allele occurred, resulting in two different premutation allele sizes in the second generation. An increase of one CGG repeat occurred during transmission of the allele from II-2 to III-8. Transmission of the allele from II-5 to III-12 and III-15 were stable but increased by 2 CGG repeats to III-16. In the third generation, the alleles are present as 63 and 65 CGG repeats. Transmissions from the third to the fourth generation include two stable transmissions, two transmissions that increased the allele size by 1 CGG repeat, and one transmission that increased the allele size by 2 CGG repeats. In the fourth generation allele sizes ranged from 63 to 67 CGG repeats. Transmissions from the fourth to the fifth generation both included instabilities, an increase of 1 and 2 CGG repeats. The alleles observed in the fifth generation were 67 and 68 CGG repeats. Thus, the instability of the premutation allele through the five generations was a total of 6 CGG repeats.
AGG interruption patterns
Two AGG interruptions were present in all 14 premutation alleles. The position of the AGG interruptions was the same for all 14 premutation alleles, specifically in positions 10 and 20 (9-A-9-A-n). In addition, distribution patterns were variable in the alleles with a normal size range. A total of 11 different AGG interruption patterns were present in the normal alleles, with 10-A-9-A-9 observed at the highest frequency (9 out of 24 normal alleles). The majority of normal alleles had the first AGG interruption in position 10 or 11, but were also observed in positions 14, 15 and 21. Sixteen different AGG interruption patterns and 14 different CGG repeat lengths were observed between both the 24 normal and 14 premutation alleles (Table 1) .
Haplotypes
The DXS548 marker had 3 observed alleles for the CA repeat, 20 chromosomes had 20 CA repeats, 2 chromosomes had 21 repeats, and 16 chromosomes had 25 repeats. The DXS548 marker also contained an indel downstream of the CA repeat; only chromosomes with 25 CA repeats had an insertion. Three alleles were observed for the FRAXAC1 marker, 18, 19 and 21. Three alleles were also observed for the FRAXAC2 marker, 151, 152 and 153. Both the G and A alleles were observed for SNP rs4949, but only the C allele was observed for the remaining SNP (rs25714). The haplotype for the premutation allele and the normal allele with an AGG pattern 9-A-9-A-13 were the same (25 þ -21-CGG element-153-G-C). A summary of the haplotypes determined in the 23 subjects tested is shown in Table 1 .
FMR1 expression
FMR1 mRNA was measured in peripheral blood of 16 participants, 10 carriers for the premutation allele, and of these 9 were females. The FMR1 expression levels of the premutation carriers were between 1.06 and 1.99 (s.e. between 0.01 and 0.23). Six individuals had the normal range alleles (four females and two males) and their FMR1 expression levels varied between 1.06 and 1.42 (s.e. between 0.06 and 0.14). 12 FMR1 mRNA levels were measured in the peripheral blood of three females who reported symptoms that are common in premutation carriers and all of them, II-2, IV-18 and IV-19, were found to be higher than what was observed in individuals who were not premutation carriers (1.58, s.e. ¼ 0.02, 1.99, s.e. ¼ 0.23 and 1.81, s.e. ¼ 0.08, respectively).
Clinical evaluations
The newborn and the family members, all Caucasian, carrying a premutation allele were evaluated clinically. Many premutation carrier individuals did not have symptoms characteristic of either FXTAS or FXPOI, including tremor, gait ataxia, 7 immuno-mediated disorders, 30 hypertensions 31 and sleep apnea. 32 The mother (IV-19) of the newborn reported having ptosis in the left eye and a brain aneurism at around 6 months gestation with the proband. Individual II-5, a premutation carrier female with 63 CGG repeats, was diagnosed with Alzheimer's disease before participating in this study. She presented with significant white matter disease in the frontal and parietal regions of her brain along with the insula bilaterally, decreased cognitive abilities starting at 81 years of age and movement problems that included difficulty walking in tandem with someone, unintelligible handwriting and a subtle tremor with positioning. Her symptoms were consistent with probable FXTAS. The two other female premutation carriers in generation II, II-1 and II-2 were also clinically evaluated. Individual II-1, 92 years old, had no symptoms common with FXTAS or FXPOI. Individual II-2, 84 years old, had a medical history that included cardiac problems (congestive heart failure, coronary artery bypass surgery and arrhythmias), resulting in the use of a pacemaker (common in aging carriers), as well as diabetes type II and bladder incontinence, also common in carriers. Two female premutation carriers in generation IV had panic attacks (IV-11) or sleep disorders (IV-18), symptoms common in the general population, but also frequently observed in premutation carriers. The proband identified by newborn screening did not show signs of clinical involvement pertaining to the premutation allele. At 6 months of age the proband scored 119 on the Vineland II Adaptive Behavior Composite and 105 on the Early Learning CompositeMullen test. More details involving the clinical symptoms of this family have been described. 33 
DISCUSSION
Peripheral whole blood was collected from 23 individuals belonging to the extended family of a newborn carrying a premutation allele identified through a newborn screening for fragile X study. The lineage for the premutation sized allele was traced to the newborn's mother's paternal grandmother's father and the size of the allele was followed through four generations as shown by pedigree chart (Figure 2 ) by DNA testing.
Small instabilities in premutation allele length were observed with all instabilities represented by an increase in size of one or two CGG repeats during transmission, for a maximum of six CGG repeats, and were observed in eight transmissions. Instabilities were present for both the maternal and paternal transmissions of the premutation allele. Additionally, the three siblings in generation II had two different premutation sizes, 62 and 63 CGG repeats, suggesting instability for at least one transmission between generations I and II. In generation II, premutation alleles were present in all three females. Additionally, two AGG patterns were observed for the normal alleles inherited by these three females, 10-A-9-A-9 and 10-A-9-A-10, each pattern also differed for the DXS548 microsatellite markers. Taken together, the inheritance of the three different haplotype blocks supports the male in generation I as being a carrier of the premutation allele. DNA was not analyzed for the male (II-3) in generation II, but would only have inherited a normal allele from his mother (I-2). There were two AGG interruptions in every premutation allele with the pattern (CGG) 9 AGG(CGG) 9 AGG(CGG) 42 þ (Figure 3) . The instability consistently occurred at the 3 0 end of the repeat locus, in agreement with previous findings of CGG repeat expansion, which show the longer pure stretch of CGG repeats to be on the 3 0 end in premutation alleles and expansion to occur at these longer stretches. 23, 34, 35 No expansion to a full mutation was observed in any of the transmissions. Given the total CGG length and the number of AGG interruptions present in the FMR1 premutation allele in this family, this observation is consistent with the calculated risk of transmission to a full mutation, as predicted by Yrigollen et al., 23 ranging from 0.6 to 2.0%. Alleles in the range of 60-64 CGG repeats with two AGG interruptions have been reported to be unstable during approximately 55.6% of transmissions and change in length by 1-24 CGG repeats; alleles within 65-69 CGG repeats with two AGG interruptions were observed to be unstable in 60% of the transmissions and increased or decreased by 1-4 CGG repeats during the transmission. 36 In none of the transmissions was there any change in position of AGG interruptions.
Instability during transmission in three females through three generations showed two transmission events that each resulted in an additional CGG repeat, the total length of 62 CGG repeats in II-2 expanded to 63 CGG repeats in III-8 and to 64 CGG repeats in IV-7 ( Figure 3a) . We also observed a male with 63 CGG repeats (III-12) who transmitted the premutation allele to three daughters, one allele remained 63 CGG repeats (IV-12), one expanded by one repeat to 64 CGG repeats (IV-10) and for one daughter did not have DNA collected and was not analyzed (IV-11) (Figure 3b) . Additionally, individual II-5 (63 CGG repeats) transmitted the premutation allele to three sons and the normal allele to two daughters and a son. Two of the sons who inherited the premutation allele showed no instability during transmission and one showed the allele increased by 2 CGG repeats to 65 CGG (III-16). Individual III-16 subsequently transmitted the premutation allele to 2 daughters, IV-18 (65 CGG repeats) and IV-19 (67 CGG repeats). Each of these daughters transmitted the Figure 3 Difference in the CGG repeat is observed along multiple branches of the family pedigree. CGG repeat length is observed to increase down multiple branches of the pedigree, (a) from I-1 to IV-7 an increase of 2 CGG repeats, (b) from I-1 to IV-10, IV-11 and IV-12 an increase of 1 CGG repeat and (c) from I-1 to V-10 and V-11 an increase of five CGG repeats. premutation allele to 1 child resulting in expansion of 1 CGG repeat (IV-19 to V-11) and 2 repeats (IV-18 to V-10) (Figure 3c) .
The results of the transmission events that have occurred within five generations in the identified family are consistent with the slow mutation pathway proposed by Eichler et al. 37, 38 The slow progression from a normal allele to a full-mutation allele is thought to occur when AGG interruptions remain intact in the CGG repeat locus, and expansions are polar (occur at the 3 0 end of the locus) in small incremental steps. The stability of the locus is greater than, if one or both interruptions were absent resulting in a larger pure CGG repeat stretch. The DXS548, FRAXAC1 and FRAXAC2 haplotype observed in the premutation alleles are consistent with the 2-1-3 haplotype that was previously reported (described as 25-21-153 in this study). 37, 38 This haplotype was associated with premutation alleles that maintain the two AGG interruption pattern and gradually increase in CGG repeat length.
Upon clinical evaluation, some members of the family were shown to have symptoms common in individuals with a premutation allele. Most notably, II-5 had the symptoms associated with FXTAS and had previously been diagnosed with Alzheimer's disease. It is likely that both conditions are occurring, which have been shown to be the case in neuropathological studies of eight females with the premutation who presented with cognitive decline in aging. 39 Although observed in the general population, the additional symptoms of panic disorder, sleep disturbance, incontinence and heart problems are more common among premutation carriers during aging. 6, 40, 41 FMR1 expression level was not measured for II-5, however two of the three premutation carriers who reported health problems that may be associated with their carrier status had elevated FMR1 mRNA levels in the peripheral blood. The majority of participants with measured expression levels were females. FMR1 gene expression in females depends on the activation ratio, which defines the proportion of premutation allele on the active X chromosome, this confounds the FMR1 mRNA measurements more than when comparing mRNA levels in males. It is unclear whether the individuals with higher mRNA levels will be more likely to develop symptoms associated with premutation carrier status, although elevation of mRNA levels have been positively correlated with symptoms in premutation carriers. 6, 39, 42 The majority of individuals identified as premutation carriers in this cascade testing study were younger than 60 years old. The age of onset for many of the late onset neurodegenerative disorders and symptoms associated with the premutation allele generally occur after the carrier is 60 years old. The premutation carriers identified are not certain to develop fragile X-associated disorder symptoms; however, knowing their CGG size and number of the AGG interruptions within the FMR1 allele may improve how quickly they are diagnosed if symptoms begin and influence the treatment or decisions regarding reproductive choices.
Importantly, to our knowledge, this is the first transmission study of the FMR1 premutation allele through five generations in a family identified in the general population through a newborn screening pilot project. 29 Our previous transmission studies, showing the influence of the AGG interruption on allele stability, were carried out from a single generation in mother premutation carriers recruited through their child having a premutation or a full-mutation allele. 23, 36 In this study, we asked whether a premutation allele detected in the general population, rather than being recruited because of the presence of a subject with FXS in the family, would have behaved similarly and its stability being affected by the presence of AGG interruptions and CGG length. Our findings indicate that even in an unbiased sample from the general population, the risk of transmission to a full mutation follows the prediction reported by Yrigollen et al. 23 Finally, detecting the presence of AGG interruptions within an FMR1 allele will provide an additional tool in genetic counseling for predicting the risk to expansion during transmission from a premutation to a full-mutation allele. 23, 36 CONFLICT OF INTEREST FT is a nonpaid collaborator with Asuragen Inc. She has a patent for the detection of FMR1 allele size and category using the CGG linker PCR based approach. RH has received funding for treatment trials in fragile X syndrome or autism from Novartis, Roche, Seaside Therapeutics, Curemark, Forest Pharmaceuticals and the National Fragile X Foundation. CMY and GM-M have no conflicts of interest to disclose.
